We synthesize the phosphor Na 3 HTi 1-x Mn x F 8 (Na 3 HTiF 8 :Mn 4+ ) material series using a coprecipitation method. We determine the complete phase and crystallographic structure of the Na 3 HTiF 8 series endmember, including the determination of the H atoms at the 4b (0, 1/2, 0) crystallographic site within the Cmcm space group symmetry structure, resulting in a quantum efficiency of ∼44%, which is comparative to the Na 2 SiF 6 :Mn 4+ phosphor materials. We successfully model the luminescent properties of the Na 3 HTi 1-x Mn x F 8 material series, including temperature and time-dependent photoluminescence, providing a good prediction of the decay properties at low and high temperature and revealing the existence of Mn 5+ during the ionization process. Notably, LED package data indicates that the Na 3 HTi 1-x MnxF 8 material series could be a promising candidate for high-level and back-lighting devices. This research reveals the role that hydrogen plays in determining fluoride phosphor structure and properties, revealing a new path for the synthesis of fluoride phosphors.
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White light-emitting diodes (LEDs) are eco-friendly, affordable, and have high efficiency. Phosphor, as a matrix material for controlling the luminescent color of LED devices, has become a field of interest, [1] [2] [3] [4] with Mn 4+ -doped phosphors in particular gaining attention as a result of being rare-earth-free and having relatively narrow band emission spectra. , D = Zr and M = Si, Ge, Zr, Sn, Ti ). A major drawback of the coprecipitation method is the limitation of the species of the host material, which has limited the development of fluoride phosphors and consequently, the development of the luminescence properties of Mn 4+ in more complicated structures. By contrast, cation exchange is a relativelyeasy method of synthesizing a Mn 4+ -doped phosphor in a specified material. Although more diverse host materials can be produced in this way, the lower quantum efficiencies of materials produced by cation-exchange compared to co-precipitation methods limit the practical application of cation-exchange produced materials in white LEDs.
In this study, we synthesize the novel Na Figure S1 ) and confirmed a Na:Ti ratio of 22:7.7, in close agreement to the expected composition. X-ray powder diffraction with D2-phaser of the as-prepared Na 3 HTiF 8 :Mn 4+ samples ( Figure 1a ) produced similar results across the series and could not provide information concerning the location of H atoms (not previously determined for the parent Na 3 HTiF 8 material in ICSD#14131). The determination of H within the structure, which influences the electronic environment of F and therefore the bandgap, was performed using high-resolution NPD. Full
Rietveld analysis using these data confirmed a main phase of orthorhombic Na 3 HTiF 8 and secondary phase of tetragonal Na 2 TiF 6 in the parent Na 3 HTiF 8 material, able to be described using the structures in ICSD#14131 and #24477 as starting structures, respectively, resulting in a final refined weight fraction of 63:37. The coherent neutron scattering length of the H nucleus (-0.3742 x 10 -12 cm) makes it straightforward to obtain a quantitative refinement of the structural model for the material that includes H, with Refinement profiles for models without and with H shown in Figure 1b and c, respectively. In the model without H, the residual negative nuclear density arising from H in the structure can clearly be observed and a model that includes H at the (0, 1/2, 0) 4b crystallographic site refined from this ( Figure 1d and Table S1 ). Following the inclusion of the H into the orthorhombic phase model, the weight ratio of the orthorhombic and tetragonal phases was 58.7(7):41.3 (7) . Further, the inclusion of the H atom into the Na 3 HTiF 8 structure leads to the distortion of the TiF 6 2-octahedral units due to the extra bonding in the structure. Besides, the HF bond is quite strong, which will also cause the distortion of the TiF 6 Figure S2 ) reveals high crystallinity, with an unusual appearance for fluoride phosphors that is indicative of decreased surface defects and consistent with enhanced photoluminescence intensity. (Figure 2b ) showing ligand field splitting energies of localized states of the ion with respect to the crystal field strength 10Dq. 17 The energetic structure of the 3d 3 system is described quantitatively by the Racach parameters B and C and by the crystal field strength 10Dq.
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where ߜE is the difference between the energy of the lowest 4 Figure 2c ). These parameters are listed in Table S3 . Table S4 .
The increase of transition probability causes a decrease in the luminescence lifetime (τ), as shown by:
where τ 0 is the lifetime of the 2 E g state at low temperatures (10K). The temperature dependence of I S+A /I ZPL obtained using the relation (3) using data from Table S4 is 
We obtain Figure 4b correspond to the temperature dependence of the decay times calculated from a single exponential fit. The decay time changes from 10 ms at 10 K to less than 1 ms above 400 K. The initial change of the decay time with temperature can be attributed to an increase in the total radiative transition probability due to the thermal population of the excited vibrational states. [21] [22] Above 400 K, the decay time reduces as accompanied by a decrease of luminescence intensity, signifying the onset of nonradiative quenching.
We modeled the temperature dependence of the luminescence decay time using the relation (3a) and data from Table S4 where τ(0) = 9 ms, with the result presented as a black curve in Figure 4b . We note that this theoretical calculation has no free parameters, using only parameters obtained experimentally from the low-temperature PL spectra (ℏ߱ ௩ , ߗ ௗ௬
The theory reproduces the experimental data below 200 K, and we next applied the relation: lifetime should be in the range 10-100 µs. 23 We obtain a good description of our experimental data (blue dashed curve in Figure 4 ) below 200 K using relation (5) with phonons parameters listed in Table S4 and ߬ ் = 0.1 ‫ݏ݉‬ and ܸ ௦ = 215 cm -1 . Additionally, we performed calculations using a simplified model with lattice phonons represented by the single phonon mode ℏ߱
given by the relation:
The simplified model in (5a) reproduces the experimental data well at low temperatures for
.7, and ߬ ் = ‫ݏ݉1.0‬ , ܸ ௦ = 215 cm -1 , as shown by the blue dashed dotted curve in Figure 4b . We note that the simplified effective phonon mode model produces a similar result to that using the more complete theory. We address the reduction in lifetime at temperature above 200 K by taking into account non-radiative processes by modification of relations (5) and (5a), obtaining the relation:
which considers all phonons, and relation:
which considers a single effective phonon.
In relations (6) and (6a), E nr and p nr are the activation energy and frequency factor (rate) for nonradiative processes, respectively. We performed calculations using the data from Table S4 in relation (6) (a) ). The black curve is calculated using the relation (3), the blue dashed curve is calculated using the relation (5), the blue dashed-dotted curve is obtained using the relation (5a), the red solid curve is calculated using the relation (6) , and the red curve is calculated using the relation (6a).
To evaluate the potential of the Na 3 HTiF 8 :Mn 4+ material series for practical applications, a blue-chip LED was fabricated using the β-SiAlON:Eu 2+ and Na 3 HTi 0.95 Mn 0.05 F 8 phosphors.
The narrow-band emission of Na 3 HTiF 8 :Mn 4+ was observed in the electroluminescence spectra under the excitation as shown in Figure 5 . The narrowband emission property makes it more suitable for the application in the backlighting system. The driving current was set to 0. Figure S4 . We keep the sample for one minute for each data point to make sure the uniform temperature of the powder before measuring. The temperature for the backlighting system is around 400 K. Na 3 HTi 1-x Mn x F 8 can maintain 95% of its original luminescent intensity at 400 K, which can be a potential candidate for the backlighting-used phosphor materials. 
